Many transport units for large production devices now incorporate large-sized gantry type linear motor sliders comprising two parallel linear sliders linked by a joint table. This type of linear motor slider develops a unique mechanical distortion, generating a repulsive force between the two axes that can raise the motor output forces higher than their rated limit. A previous study proposed a method to suppress the repulsive force. However, as feedback gains are set high, force references oscillate and the control system becomes unstable. In past study, yawing vibration suppression methods have been proposed. But, we consider that this vibration is not yawing vibration because the force references include same phase vibration with high gains. Therefore, the modal analysis is performed to analyze this vibration. As a result, it was found that the pitching vibration of the slider was greatly affected. This paper considers this vibration phenomenon, and suppression of the vibration by control method which is similar to impedance control is presented. Hence, it is shown that considering multidegree of freedom vibration which means yawing vibration and pitching vibration included is important in order to control the large-sized gantry type linear motor sliders.
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Introduction
Recently, a large number of linear motors are used in industry [1, 2] . For example, they are used for carrying thin steel plates in the steel industry [3] and, as for industrial machines, they are used in semiconductor manufacturing [2] , in machining centers [4] , and in devices producing large-sized liquid crystal panels [5, 6] . Beneficial characteristics of linear motor sliders are quiet operation and cleanliness [7, 8] , which are both superior to the ball screw slider. Additionally, since the linear motor sliders are direct drive devices, they don't have couplings or elastic elements which the ball screw slider has. Therefore, the vibration which is caused by these elements is significantly lesser [9, 10] .
However, to carry heavy loads, the linear motor slider is required to have a higher power. When aiming at higher power of a single linear motor, one has to design and manufacture a large-sized motor; in doing so, special design and individual manufacture are required because of permanent magnets for the field system and other issues, which inevitably add to costs [7, 10, 11] . Therefore, gantry type linear motor sliders, which are of lowcost and enable high output power, are used in such devices as large-sized liquid crystal panels producing equipment [5, 6] . The gantry type linear motor slider has two motors that are set up in parallel, and the motors move in the same direction. Therefore, gantry type linear motor sliders require synchronized control for two motors. Synchronized control has been studied in the past. A method using synchronized error and disturbance observer [12] , and a method focusing on dynamic characteristics of the slider [10] have been proposed. However, large-sized gantry type linear motor sliders develop a unique mechanical distortion created through limitations of installation environment [13, 14] . This distortion generates a mutually repulsive force between the two axes because the reaction force on one axis is transmitted to the other axis through the top bar (joint table) . A previous study derived a simulation model that reproduced this distortion and confirmed that the force between the two axes is repulsive [7] . A large repulsive force can cause the motor output forces to exceed their ratings. A methods has been proposed to solve this problem. It is to use data of the measured distortion to adjust the position references [13] . However, these methods are not practical because each of the devices has different distortion and each should be measured individually in advance. Therefore, authors proposed a control method which suppresses the repulsive force and does not require measurement of distortion [14, 15] (called control method 1 in this paper). It was confirmed that repulsive force was suppressed and machine moved safely. However, the same phase vibration occurred and control system become unstable with high gain. High feedback gain is necessary for carrier devices or machining center from the viewpoint of productivity, which means shortening the settling time [16] , and increasing robustness against disturbance. Therefore, suppressing this vibration is important. In the past, there have been control methods for linear motor slider, which take yawing vibration into consideration [10, 17] . However, since vibration of each mover has different phase in the yawing vibration, these vibrations which have the same phase cannot be regarded as yawing vibration. Therefore, considering only yawing vibration is not enough for the large-sized gantry type linear motor slider. Hence, this research analyzes this vibration and states that it is important to consider multi-degree of freedom vibration, which means yawing vibration and pitching vibration of the large-sized gantry type linear motor slider. [7, 14, 15] The experimental equipment is comprised of two sliders arranged in parallel and linked by two attachments and a top bar (Fig. 1) . A tall weight is installed in the center of the top bar because the general large-sized gantry type linear motor slider is tall. The sliders have linear encoders that measure the position of each mover (table) to a resolution of 0.5 μm. Total weight of slider's moving parts is 19.46 kg. Table 1 gives the specifications of each linear motor slider. Fig. 2 is a schematic block diagram of the experimental equipment. x f b2 are the position responses of the two movers. Fig. 3 shows the distortion of the linear motor slider in this experimental equipment. The horizontal axis represents the x t1 (x t1 = x f b1 in Fig. 2 ), vertical axis represents the distortion. The distortion in this study has static characteristics. Furthermore, the distortion in this paper is defined relative error between x f b1 and x f b2 . This paper calculates the position error between the two axes by subtracting x f b2 from x f b1 . Furthermore, the movers move 0.3 m one way. So, the horizontal axis shows from 0 to 0.5 m in Fig. 3 and all experiments are done at the same initial position. The data of Fig. 3 is implemented in "Approximation of distortion" in Fig. 2 [7] . The output value of "Approximation of distortion" is determined by x t1 . 3. Control Method 1 [14, 15] 3.1. Derivation of Control Method 1 Figure 4 shows dynamics of the gantry type linear motor slider, where x is a position response of the centerof-mass of the top bar, l sy is the length between mover 1 position sensor and mover 2 position sensor, l sy1 is the length from mover 1 position sensor to the center-of-mass, and θ y and τ y are angle of yawing rotation and associated torque around the center-of-mass, respectively. Position sensors of the experimental machine are installed inside the guide rails. The dynamics diagram shows both the rotary motion and linear motion. Control method 1 considers θ y and takes into account the work-point position on the top bar, which is generally the center-of-mass of the top bar. Eqs. (1)- (3) show relationships between x f b1 , x f b2 , θ y , and x, when θ y is small [10] .
Experimental Setup
This method is based on position proportional, and velocity proportional integral (P-PI) control. PID control is applied in many industrial applications [18, 19] . Hence, Eq. (4) shows the control force at the center-of-mass.
where K p is the position proportional gain, K v is the velocity proportional gain, K i is the velocity integral gain, x r is the position reference, M is the total nominal mass and F is the total force reference. Equation (4) is the same as the equation of force used in [10] for linear motion. However, the two coordinates were converted into linear motion and rotary motion and each motion was controlled separately, with the individual force references being derived from them [10] . However, in this study, control method 1 does not control θ y , which is considered to represent the actual distortion. This is because if θ y is controlled to be 0, a repulsive force is generated between the two axes. For this reason, control method 1 considers θ y , but does not control it. Thus, Eq. (4) can be divided into force references of each mover F 1 and F 2 to give Eqs. (5) and (6) [14, 15] . (6) where M 1 and M 2 are nominal masses of the linear motors, other new parameters are shown in the following equations. Figure 5 shows the position reference used in the experiment. The reference assumes reciprocation for 0.3 m one way at acceleration/deceleration of 2 m/s 2 and maximum velocity of 0.1 m/s. Table 2 lists the experimental conditions. Effectiveness of control method 1 was verified by comparing experimental results with those for each axis control system using P-PI control (called Con- Table 2 . Fig. 8 . Velocities of the two movers of case 1 in Table 2 .
ventional Method in this paper) [14, 15] . Fig. 6 shows the block diagram of P-PI controller. Suffix n is axis number (n = 1 or 2). Figure 7 shows a center of mass position of case 1 in Table 2 , and Fig. 8 shows velocities of the two movers of case 1 in Table 2 , calculated from the position of each mover using the Euler calculation method. In the following sections, when the center of mass position and the velocities of the two movers have the same characteristics as in Figs. 7 and 8, and they are omitted. Figs. 9 and 10 show force references for the experiment. Fig. 9 shows case 1 in Table 2 , and Fig. 10 shows case 2 in Table 2 . These results show that Conventional Method can con- Fig. 9 . Force references of case 1 in Table 2 . Fig. 10 . Force references of case 2 in Table 2 . Fig. 11 . Force references of case 3 in Table 2 .
trol the center of mass position and velocities of the two movers. However, the force references repel each other and exceed the rated force (80 N). In contrast, control method 1 can work within safe limits because the force references did not exceed the rated force. This experiment demonstrated that high feedback gain could be used with the control method 1. Fig. 11 shows force references for case 3 in Table 2 , and Fig. 12 shows velocities of the two movers of case 3 in Table 2 . The force references and the velocities were unstable because they included vibration. This vibration is also shown in a center of mass position. Since the vibration phenomenon is remarkably shown in the velocity, the center of mass position is omitted. Table 2 .
To understand the vibration characteristics of the slider, Fast Fourier Transformation (FFT) analysis is performed on a power spectrum of the force reference ( Fig. 13(a) ). For this power spectrum, the force reference is only given for a constant velocity (about 0.1 m/s). An enlargement around the peak of the spectrum (Fig. 13(b) ) yields a peak frequency of 130 Hz. Furthermore, to analyze the vibration of the linear direction and the yawing direction, the velocities of the two movers and the position error between the two axes are analyzed. Fig. 14 shows position error between the two axes of case 3 in Table 2 , and Fig. 15 shows a power spectrum of the position error for case 3 in Table 2 . An enlargement of the velocity vibrations of the two movers (Fig. 12(b) ) shows they had the same phase and frequency (130 Hz) characteristics. A power spectrum of the position error between the two axes ( Fig. 15(b) ) yields peak frequencies of 130 Hz and 105 Hz. 130 Hz is the same as the prominent frequency included in the velocities and the force references. Furthermore, control method 1 does not control yawing vibration. As a result, we can think that 105 Hz is yawing vibration. However, 130 Hz is not identified as a kind of vibration only by these data. Therefore, this paper conducts a modal analysis of the experimental machine and considers the vibration of the large-sized gantry type linear motor slider. Fig. 13 . Power spectrum of force references for case 3 in Table 2 . Table 2 .
Modal Analysis
The modal analysis is performed to analyze vibration of 130 Hz. Fig. 16 shows an overview of the experimental system and Table 3 shows a detailed experimental condition, respectively. Experimental machine was excited to vibrate by inputting white noise to each linear motor as a force reference. Vertical acceleration signal which is measured by accelerometer attached to the front and rear of top bar was set as an output signal. These signals were calculated by FFT analyzer, and frequency response was derived. To remove the influence of noise on frequency Table 2 . response, measurement was implemented multiple times and averaging process was applied. Figs. 17 and 18 show the measured frequency response. According to the result, it was found that the used machine has vibration mode whose natural frequency is 90 Hz and phases of front and rear of the top bar are opposite. Therefore, it is shown that this vibration mode is pitching mode. Though its frequency is different from 130 Hz, the frequency of the vibration which occurred at previous P-PI control experiment, it is sure that this machine has pitching mode and it was considered that vibration of 130 Hz was caused by this pitching vibration. Under this assumption, the dynamical model which takes into account the pitching mode and yawing mode is derived.
Importance of Pitching Mode

Dynamics of the Gantry-Type Linear Motor
Slider with Pitching Mode Figure 19 shows the dynamics of the gantry-type linear motor slider with pitching mode. In addition, l gy1 is the length from the center-of-mass to the mover 1 force generation position, l gy is the length from the mover 1 force generation position to the mover 2 force generation position, θ p and τ p are an angle of the pitching rotation and associated torque around the center-of-mass, respectively, l sp is the height from the center-of-mass to the mover po- sition sensor, l gp is the height from the center-of-mass to the mover force generation position. Furthermore, lengths l sp and l gp are of the same size. From Fig. 19 , this paper derived the vibration mechanism considering pitching vibration of the large-sized gantry type linear motor slider. Eqs. (7)- (9) show equations of the motion. 
where K θ y and K θ p are spring constants in the yawing direction and the pitching direction, respectively. Furthermore Eqs. (10)- (13) show x f b1 , x f b2 , τ y and τ p when θ p and θ y are small [17] .
Control Method 2
In the previous section, equations of motion which take pitching direction into consideration were derived. This paragraph presents a method of pitching vibration suppression. An observer is a well-known method of suppressing vibrations [20, 21] . However, the purpose of this paper is to verify importance of considering vibration in pitching direction. Therefore, a vibration suppression method that can be easily designed is used. This paper uses impedance control which can be easily designed [22] [23] [24] . Control method 2 is derived from the equations of motion derived in the previous section. P-PI control is applied to x, because, from Eq. (7), the equation of linear motion is for a rigid body system. Additionally, by using velocity feedback to Eqs. (8) and (9) as shown in Eqs. (14) and (15), damping coefficient can be set higher. (15) where K py and K pp are velocity proportional gains each, J y and J p are inertias in yawing direction and in pitching direction, respectively. By taking vibration suppression into consideration to Eqs. (14) and (15), the force reference of each mover is expressed as Eqs. (16) and (17) . Now it is necessary to calculate x, θ y , and θ p . From  Fig. 19 , x, θ y , and θ p can be expressed as Eqs. (18)- (20) .
From the above equations, θ y can be expressed by x f b1 and x f b2 . However, x and θ p cannot be expressed by x f b1 and x f b2 only. Though this research deals with the problem of pitching vibration, θ p is ignored in approximation of x in Eq. (18) because pitching angle is not constant in terms of the structure. In addition, as for θ p , those other than vibration elements were removed by using high pass filter in order to derive the vibration element. Eq. (21) shows x and Eq. (22) shows θ p , respectively.
. (22) 5.3. Experimental Result Table 4 lists parameters setting for the velocity proportional gains, and Table 5 shows detailed experimental conditions. Each inertia was actually calculated. J y is Table 5 . Table 5 , respectively. Fig. 22 shows a power spectrum of the force reference and Fig. 23 shows a power spectrum of the position error between the two axes for case 3 in Table 2 and case 4 in Table 5 . The vibration of the force references (Fig. 20) and the position error between the two axes ( Fig. 21) are suppressed compared with that in Figs. 11 and 14 . Furthermore, the peak power of 130 Hz and 105 Hz for case 4 are smaller than the peak power of case 3 (see Figs. 22 and 23) . Therefore, the feedback gain can be set higher. Additionally, an experiment with parameters set to even higher values (case 5) was implemented. Fig. 24 shows force references of case 5 in Table 5 . The force references do not have vibration and the system works safely. The center of mass position for cases 2, 4, and 5 are given in Fig. 25(a) , a section of which is enlarged in Fig. 25(b) . Table 6 shows settling times of each experimental result. For this study, positioning completion width is ±1.0 μm. These results clearly show that the center of mass position of control method 2 follows the position reference faster than the center of mass (a) Overall trace of power spectrum (b) Enlargement of (a) Fig. 22 . Power spectrum of force references for case 3 in Table 2 and case 4 in Table 5 . Table 2 and case 4 in Table 5 . Fig. 24 . Force references of case 5 in Table 5 . position of control method 1, and a high feedback gain improves control performance. Hence, control method 2 improves overall control performance. Therefore, the assumption that the frequency of 130 Hz is pitching vibration and the frequency of 105 Hz is yawing vibration is reasonable. Furthermore, the large-sized gantry type linear motor slider requires control system which takes yawing vibration and pitching vibration into consideration.
Conclusion
Large-sized gantry type linear motor sliders develop a unique mechanical distortion that is caused by limitations in the installation environment and cause the axes to interact to generate a repulsive force between them. A control method which takes distortion into consideration was proposed and it was confirmed that repulsive force was suppressed. However, if feedback gains were set high, each of the movers vibrated in the same phase. Therefore, in this research, the modal analysis was implemented. As a result, the modal analysis indicates that the pitching vibration of the slider is greatly affected. Moreover, a dynamical model of large-sized gantry type linear motor sliders which takes pitching vibration into consideration is derived. Additionally, a control method which is similar to impedance control is applied by using the derived dynamical model. In the experiment, this vibration is suppressed by considering pitching vibration. As a result, it is confirmed that feedback gains can be set higher, settling time is shortened, and the control performance is improved. Therefore, it is shown that considering multidegree of freedom vibration which means yawing vibration and pitching vibration included is important in order to control the large-sized gantry type linear motor sliders. A future study will focus on more effective control method by strictly deriving pitching angle and center of mass.
